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We study a Dark Matter (DM) model in which the dominant coupling to the standard model
occurs through a neutrino-DM-scalar coupling. The new singlet scalar will generically have couplings
to nuclei/electrons arising from renormalizable Higgs portal interactions. As a result the DM particle
X can convert into a neutrino via scattering on a target nucleus N : X + N → ν + N , leading to
striking signatures at direct detection experiments. Similarly, DM can be produced in neutrino
scattering events at neutrino experiments: ν + N → X + N , predicting spectral distortions at
experiments such as COHERENT. Furthermore, the model allows for late kinetic decoupling of dark
matter with implications for small-scale structure. At low masses, we find that COHERENT and late
kinetic decoupling produce the strongest constraints on the model, while at high masses the leading
constraints come from DM down-scattering at XENON1T and Borexino. Future improvement will
come from CEνNS data, ultra-low threshold direct detection, and rare kaon decays.
I. INTRODUCTION
The most abundant type of matter in the Universe
remains unknown. While the existence of this “Dark
Matter” (DM) is supported by a number of observations,
they are all gravitational in nature and do not provide
information about the particle nature of DM. Given the
enormous variety of experimental activity in the search
for DM, there is hope that future data will clarify the
particle characteristics of DM.
The observation of neutrino flavor oscillations, imply-
ing the existence of neutrino masses, is also not predicted
by the Standard Model. As such, neutrinos also require
new physics. It is therefore natural to consider models in
which neutrinos and DM share new interactions. Mod-
els of “neutrinophilic” dark matter induce novel modi-
fications of the power spectrum, and may have impor-
tant implications for small-scale structure [1–9], induce
modifications in high-energy neutrino fluxes [10–16], so-
lar neutrinos [17], atmospheric neutrinos [18] , and these
DM-neutrino interactions may even provide a route for
explaining the observed DM abundance via the thermal
freeze-out mechanism [19] (e.g., [1, 2, 6, 20]).
In this paper we study the effects of a new interaction
between DM and neutrinos mediated by a scalar φ via the
Yukawa interaction, L ⊃ yXX¯φν, where the scalar also
couples to nuclei. In the presence of this new interaction,
DM can convert into neutrinos upon scattering on nu-
clei. This interaction leads to novel recoil spectra at DM
direct detection and neutrino experiments and has re-
cently been studied by Dror, Elor, and McGehee [21, 22].
The reverse process also exists, which allows incoming
neutrinos to convert into DM when incident on a target
nucleus [23]. We study the implications of these search
strategies at the COHERENT [24], XENON1T [25], and
Borexino experiments [26] and find that they nearly rule
out the thermal relic hypothesis for the DM abundance
in the model.
The remainder of this paper is organized as follows. In
the next section, we introduce the details of the model
and discuss some of the baseline phenomenological con-
straints. In Sec. III we study the production of DM from
neutrinos scattering off nuclei at COHERENT. In Sec. IV
we examine the constraints coming from the late kinetic
decoupling between DM and neutrinos. In Sec. VI we
discuss direct detection signatures and constraints. In
Sec. VII we discuss the complementarity of these bounds
taken together and examine the dependence on the medi-
ator mass. Finally in Sec. VIII we conclude and mention
future prospects.
II. MODEL SETUP
We study the following simple model in which the DM
particle X is a fermion that interacts with neutrinos and
a new scalar mediator φ, via the Lagrangian
L ⊃ yXX¯φν + yqφq¯q, (1)
where the Yukawa couplings yX and yq control the
strength of the DM-neutrino-φ and quark-φ interactions
respectively. In this paper we focus on the implications
of this interaction for terrestrial experiments, and note
that possible UV completions for the model have been
discussed in Ref. [23].
It is well-known that the coupling of φ to SM fermions
is constrained by a variety of terrestrial experiments
(e.g. Ref. [27, 28]). In the mass range of interest some
of the strongest bounds come from K and B meson de-
cays. This is due to the fact that the quark couplings
in Eq. (1) allow for the production of the new scalar
via B+ → K+ + φ or K+ → pi+ + φ, while the DM-
ν coupling allows for φ to decay invisibly φ → ν¯ + X.
In our mass range of interest, the kaon decay measure-
ments of K → pi+ ν¯ + ν from the E787 and E949 exper-
iments at Brookhaven National Laboratory [29] set the
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(a) (b) (c)
FIG. 1: Lowest order Feynman diagrams describing interactions between nuclei N , dark matter X and neutrinos ν. The left
panel (a), describes neutrino-to-DM conversion upon scattering on a nucleus N , the middle panel (b) depicts DM-to-neutrino
conversion upon scattering on a nucleus, and the right panel (c) DM pair annihilation to a pair of neutrinos mediated by
the scalar φ. Process (a) leads to constraints from neutrino experiments such as COHERENT, process (b) determines direct
detection constraints, and the X + ν ↔ X + ν scattering in (c) determines the kinetic decoupling of dark matter.
strongest limits. At higher φ masses BaBar’s constraints
on B+ → K++ invisible sets the leading constraint on
yq.
We note that the NA62 experiment at CERN’s Su-
perproton Synchrotron aims to improve the bounds on
K+ → pi+ν¯ν by measuring the branching ratio to 10%
precision [30, 31]. This roughly corresponds to an order
of magnitude improvement in the bound on a BSM con-
tribution to the branching ratio over what is allowed by
E787 and E949 [29]. So far NA62 has only published re-
sults using 2% of the data accumulated through 2018 [30],
and thus new bounds on BR(K+ → pi+ν¯ν) may be im-
minent.
To date the E787 and E949 bounds on BR(K+ →
pi+ν¯ν) limit the dark mediator coupling to quarks at the
level
yq . 1.58× 10−4. (2)
Given that this bound only constrains the φ-quark cou-
pling, it does not directly bound processes at COHER-
ENT or direct detection, since these depend on the
product yqyX . In Sec. IV we study the kinetic decou-
pling of DM and neutrinos which is bounded by Lyman-
alpha data. These bounds provide a constraint on yX
and therefore in conjunction together with kaon bounds
places bounds on the cross sections relevant for COHER-
ENT and direct detection.
A. Dark Matter Decay at High Masses
Decay considerations are important for this model. In
particular, the DM X can decay via a 1-loop diagram
X → ν + γ with the rate
Γ(X → ν + γ) = y
2
Xy
2
qαEMm
5
X
192pi4m4φ
, (3)
where αEM is the electromagnetic fine structure con-
stant.
Even the baseline requirement that DM be stable on
the age of the Universe timescale leads to strong bounds
on the couplings
yXyq . 2× 10−15
(r
3
)2 √10 MeV
mX
, (4)
where r ≡ mφ/mX .
However, the minimal model sketched in Eq. 1 need
not be the only source of new physics. In particular,
additional new physics at higher scales can cancel the
low-energy contribution in the DM decay coming from
the loop of quarks. Similar arguments have been made
in Ref. [21].
The decay phenomenology is similar to what is ob-
tained in sterile neutrino dark matter models. Roughly
speaking, the following mapping can be used to re-
cast sterile neutrino DM bounds on the mixing angle:
y2qy
2
X
m4φG
2
F
.
(
sin2 2θ
)
X−ray.
In Ref. [21] the authors comment on a Z ′ extension
with similar phenomenology. They point out that the
X → ν + γ is forbidden by gauge invariance. We stress
that although the bounds can be strong on minimal mod-
els of this type, the bounds are alleviated at low DM mass
due to the decay rate’s strong DM mass dependence.
III. BOUNDS FROM COHERENT
As depicted in Fig. 1(a), incoming neutrinos can be
converted to DM upon scattering on a nuclear target. In
this section we will describe our estimate of the sensitiv-
ity to DM from this process at the COHERENT experi-
ment using their CsI data [24]. Similar setups have been
studied previously [23, 32].
To lowest order, we find that the differential cross sec-
tion for ν → X scattering on a nucleus N is
dσν→X
dER
=
1
4pi
mN y
2
Xy
2
N
(2mNER +mS)
2 α (5)
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FIG. 2: Comparison of constraints in the σNC − mX plane from Borexino, COHERENT, CRESST, DarkSide, XENON1T
and kinetic decoupling. In the left panel we fix the mediator mass to mφ = 10mX , while in the right panel mφ = 3mX .
For the kinetic decoupling curve, we assume that the nucleon-level coupling is at the largest value consistent with kaon decay
constraints discussed in Sec. II.
where
α ≡
(
1 +
ER
2mN
)(
mNER
E2ν
+
m2X
2E2ν
)
, (6)
and we have introduced a nucleus-level coupling to the
scalar yN . This nucleus-level coupling can be written in
terms of nucelon couplings as [32]
yN = Ayp + (A− Z)yn (7)
where yp, yn are respectively the proton and neutron cou-
plings. These nucleon couplings can finally be written
in terms of quark-level couplings connecting to the La-
grangian in Eq. 1 via
yp = mp
∑
q
yqf
p
q
mq
(8)
yn = mn
∑
q
yqf
n
q
mq
(9)
where the updated scalar coefficients are taken from
Ref. [33], and the quark masses from Ref. [34]. Note
that for equal couplings among quark flavors, yp ' yn '
17.5yq. In order to minimize the nuclear target depen-
dence we follow Refs. [23, 32] by introducing the coupling
y¯ ≡
√
yNyν
A
=
√(
Z
A
yp +
A− Z
A
yn
)
. (10)
The SM CEνNS rate acts as a background to this new
physics search. We compute the SM event rate from the
differential cross section
dσ
dT
=
G2F
4pi
Q2wM
(
1− MT
2E2ν
)
F (T )2 (11)
where GF is the Fermi constant, Qw = N−(1−4 sin2 θw)
is the weak nucleear hypercharge for a nucleus with N
neutrons and Z protons, M is the nuclear mass, and F (T )
is the nuclear form factor as a function of the recoil en-
ergy. We follow the COHERENT collaboration analysis
in [24] and use the form factor from Ref. [35]. Lastly, in
order to compute event rates we include the fluxes and
signal acceptance function described in Ref. [24]. An ex-
ample of the spectral differences that this neutrinophilic
DM can induce is shown in Fig. 3.
IV. KINETIC DECOUPLING
The fact that neutrinos and the dark matter particle,
X, share new interactions in this model has implications
for small-scale structure. In particular, as long as elastic
momentum-changing scattering X+ν ↔ X+ν occur, the
DM remains in approximate thermal equilibrium. Even-
tually these processes fail to keep up with the Hubble
rate and Kinetic decoupling of DM occurs. The seeds of
the first gravitationally bound DM clumps cannot form
until this process ends. Thus these momentum-changing
interactions effectively damp the growth of gravitational
structure. After decoupling, the DM can “freely-stream”
away from overdense potential wells. This process also
4erases structure on small-scales. If kinetic decoupling oc-
curs sufficiently late it will dominate over free-streaming
effects, and set the scale of the cut-off in the power spec-
trum [36–38]. Related models have been studied for their
impact on late kinetic decoupling in [8, 39].
The damping scale in the power spectrum set by ki-
netic deocupling is given by the DM inside a Hubble vol-
ume,
Mcut =
4pi
3
ρDM (TKD)
H(TKD)
(12)
' 1.8× 108 M
(
keV
TKD
)3
,
where TKD is the temperature of kinetic decoupling.
This can be compared with constraints from Lyman-
alpha data which are often quoted in terms of a constraint
on the mass of warm DM. Recent data from the Lyman-
alpha power spectrum require mWDM & 5.3 keV [40].
To translate to the language of kinetic decoupling, we
use the fact that the cut-off induced by free-streaming is
related to the WDM mass as [41]
Mf ' 5.1× 1010 M
(
keV
mWDM
)4
(13)
Thus the mWDM & 5.3 keV [40] requirements implies
Mf < 6.5 × 107 M. Using Eq 12 we see that kinetic
decoupling is bounded by TKD > 1.4 keV.
As long as mX & 0.5 keV, the s-channel resonance in
ν-X scattering is negligible compared to the t-channel
contribution. As is well known, at very small kinetic de-
coupling temperatures the damping scale set by acoustic
oscillations can dominate over free-streaming effects.
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FIG. 3: An example spectrum comparing SM CEνNS and the
ν → X scattering spectrum for different DM masses.
1 5 10 50 100
10-45
10-44
10-43
10-42
10-41
10-40
�� ����� �� [���]
���
���
����
���
σ ��[�
�� ]
FIG. 4: Constraints from Super-Kamiokande [43], on the pro-
duction of high-energy neutrinos from DM scattering in the
Earth.
Finally, we use the approximate solution of the Boltz-
mann equation in Ref. [42] to solve for the temperature
of kinetic decoupling by equating the Hubble rate to the
momentum transfer rate γ(T )
γ(T ) =
1
3mXT
∫ ∞
0
d3p
(2pi)3
f(p/T )(1− f(p/T ))
×
∫ 0
−t
dt (−4p2)dσνX
dt
(14)
where t is the Mandelstam variable for momentum trans-
fer and f(p/T ) is the Fermi-Dirac distribution. In the
regime where the neutrino energy is small compared to
the DM and mediator masses, this integral can be per-
formed analytically [7]. In this limit the kinetic decou-
pling temperature is found to be
TKD ' 0.4 keV
( mX
MeV
)5/4(0.1
yX
)√
r2 − 1, (15)
where r ≡ mφ/mX .
V. BOUNDS FROM SOLAR AND
TERRESTRIAL DARK MATTER SCATTERING
Dark Matter may scatter off of a nucleus in the sun
or in the Earth and convert into a neutrino as shown in
Fig. 2(b). The inelastic scattering will produce a neu-
trino with an energy sharply peaked around the mass of
the incoming DM particle. A similar constraint was de-
rived from the terrestrial passage of Q-ball dark matter
in [44]. By searching for a flux of neutrinos with this
5energy spectrum, constraints on the interaction cross-
section can be made. As a rough estimate of the cross-
section constraint, we first compute the number of neu-
trinos produced from the flux of DM passing through the
Sun/Earth:
dNν
dt
= σνχnv0ρχV/mχ; (16)
where n is the average nucleon density and V is the vol-
ume of the target (either the sun or the earth) to calcu-
late the production rate of neutrinos from this inelastic
scattering process. The flux of neutrinos at Earth is then
found as:
Fν =
1
4pir2
dNν
dt
(17)
where r is the distance from the target at which the flux
is measured.
We find that the distance of terrestrial detectors from
the sun significantly reduces the flux enough that the
flux from collisions in the earth is several orders of mag-
nitude larger. Comparing the estimated neutrino flux
of this novel phenomenon to bounds provided by the Su-
perKamiokande experiment on the tau neutrino flux [43],
a cross-section on the DM inelastic scattering can be con-
strained in the range 4 GeV < mχ < 200 GeV. Addi-
tionally, at low DM masses, the estimated flux of these
neutrinos can be compared to those of solar neutrinos.
The flux from this novel phenomenon for mχ ∼ 10 MeV,
σχν ∼ 10−43 cm2 is ∼ 6 orders of magnitude lower than
that of the entire Boron-8 flux of solar neutrinos, and is
therefore not constrained for very low masses.
VI. DIRECT DETECTION BOUNDS
In this model, DM direct detection recoils are highly in-
elastic since DM “down-scatters” to an essentially mass-
less neutrino. The phenomenology of these models have
been studied in [21, 22]. As a result, the recoil spectrum
is approximately given by a Dirac delta function peaked
at the energy:
ER =
m2X
2mN
(18)
where mN is the nuclear mass.
With XENON1T [25] being sensitive to 4 keV ≤ ER ≤
40 keV we therefore expect sensitivity to exist only in the
following window of DM masses:
30 MeV . mX . 100 MeV (19)
Borexino can be used in a similar way to probe DM-to-
neutrino down-scattering. Taking an approximate elec-
tron equivalent low-energy threshold of ' 70 keV [45], is
equivalent to a nuclear recoil threshold ER ' 800 keV
using the relative light output for pseudocumene [46].
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FIG. 5: Comparison of experiments and thermal relic pre-
diction in coupling space. Here we have fixed yq = 10
−9,
consistent with kaon decay bounds. In this plot, the con-
straints from COHERENT on the coupling yX are weaker
than perturbativity and thus not shown.
Thus for Borexino we find that scattering on the hydro-
gen within pseudocumene can probe DM masses down to
mX & 40 MeV.
We estimate compute the rate of DM-to-neutrino scat-
tering at XENON1T and Borexino as [21]
R =
ρX
mX
σNC
∑
j
NT,jA
2
jF
2
j θ(E
0
R,j − Eth), (20)
where F is the nuclear form factor NT is the number of
targets for isotope j, and σNC is the neutral current cross
section for DM-to-neutrino conversion.
VII. DISCUSSION
We summarize the constraints we have so far discussed
in Fig. 2, where we report bounds as a constraint on the
quantity σNC ≡ y
2
xy
2
pm
2
X
16pim4φ
. While the XENON1T, Borex-
ino, DarkSide, and COHERENT bounds directly con-
strain the product of couplings ypyX , the kinetic decou-
pling constraint only places a constraint on yX .
We see that although direct detection and Borexino
bounds dominate at high DM masses, both COHERENT
and kinetic decoupling take over at low masses. Future
ultra-low threshold experiments [21, 22] may eventually
be strong enough to overtake COHERENT and kinetic
decoupling bounds. Finally, the constraints in Fig. 2 as-
sume that this χ particle comprises 100% of the dark
sector mass. If χ is only a fraction of the mass, the con-
6straints from Borexino and XENON1T will be weakened
while the COHERENT constraint would be unaffected.
Finally, we note that the thermal relic hypothesis for
the dark matter abundance is realizable in this model, al-
beit only if the quark-level coupling is sufficiently small,
yq . 10−9. In Fig. 5 we plot the predicted yX cou-
pling assuming the DM to neutrino annihilation cross sec-
tion sets the relic abundance. In terms of couplings and
masses, this cross section is (σv)X¯X→ν¯ν = y4X/(16pim
4
φ).
The other phenomenological bounds constrain the prod-
uct yqyx, and thus in order to compare with the thermal
relic prediction we must fix the quark-φ coupling. For
illustrative purposes, we choose yq = 10
−9, which yields
a thermal relic solution for the DM abundance as long
as DM is heavier than 8 MeV. Thermal DM lighter than
this would contribute to the radiation energy density and
be ruled out by Neff constraints [47].
VIII. CONCLUSIONS
The DM model described by Eq. 1 allows for a range
of novel phenomenology, with interesting connections to
neutrino physics. In this paper we have examined direct
detection and coherent elastic neutrino nucleus scatter-
ing, finding that these two probes provide complementary
constraints. At low DM masses, COHERENT provides
the strongest bounds, while at larger DM masses, direct
detection and Borexino prevail. We have also shown that,
in this model, DM may convert into neutrinos via scat-
tering off of nuclei in the earth, though the bounds are
less competitive. Lastly, at the lowest DM masses we
have found that the strongest bounds derive from late
kinetic decoupling which can erase small scale structure.
Current data requires that the quark-scalar coupling
be much smaller than the DM-scalar coupling. Despite
these constraints on the model, the observed DM abun-
dance can still be explained by the thermal relic hypoth-
esis, albeit only for small quark-φ couplings.
Note that at yq = 10
−8, the resultant bounds on yX
are essentially weaker than the requirements of pertur-
bativity. Moreover, when yq = 10
−6 (or larger), there is
no available parameter space consistent with the thermal
relic since the COHERENT constraint rules out the 8-18
MeV mass window.
In the future, improvements in these bounds will
come from ultra-low threshold direct detection [21, 22]
and CEνNS data from COHERENT, CONNIE [48],
CONUS [49] and ν-cleus [50].
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Appendix
Freeze-out of Dark Matter in the Early Universe
Thermal production of DM is a well-known mecha-
nism for obtaining the correct abundance of DM from
the early Universe. In this setup, X¯X ↔ f¯f processes
keep DM in thermal equilibrium with some bath particle
species f . Once the temperature drops below the DM
mass, the abundance of DM quickly becomes Boltzmann
suppressed, ∼ e−mX/T . Eventually the X¯X → f¯f an-
nihilation processes cease being sufficiently fast to keep
up with the Hubble rate, and the DM abundance (in a
comoving volume) ceases to change. This “freeze-out”
process [19] is one of the most studied mechanisms for
the production of DM.
In our case, the annihilation process is via the annihi-
lation to neutrinos depicted in Fig. 1. Dark matter starts
off in thermal equilibrium with the rest of the standard
model bath which lets both the forward and backward
interaction take place in the early universe. As the uni-
verse expands however, it falls out of thermal equilibrium
because of lowering temperature and only the forward in-
teraction is able to take place leading to the annihilation
of dark matter particles into neutrinos. Eventually, the
dark matter particles reach an equilibrium abundance
which is the current dark matter abundance.
To obtain the final DM abundance, we solved the
Boltzmann equation numerically,
n˙X + 3HnX = −〈σannv〉(n2X − n2X,EQ) (21)
to obtain the requisite coupling yX needed as a function
of DM mass and mediator mass. Note that in Eq. 21,
〈σannv〉 is the thermally averaged annihilation cross sec-
tion, H is the temperature-dependent Hubble rate, nX
is the DM number density, and nX,eq is the equilibrium
number density.
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